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The fabrication of carbon masks for very small magnetic tunnel junctions ~MTJs! was investigated
using focused ion beam assisted selective chemical vapor deposition. Gaseous phenanthrene,
absorbed on the sample surface, was decomposed into solid carbon by irradiation with a Ga ion
beam. The carbon layer deposited showed a lower ~higher! etching rate for Ar (O2) ion etching. The
width of the carbon mask patterns varied from about 30 to 500 nm. Arrays of MTJs with size on the
100 nm scale were fabricated successfully using the carbon mask patterns. © 2003 American
Institute of Physics. @DOI: 10.1063/1.1540058#INTRODUCTION
Magnetic tunnel junctions1,2 ~MTJs! have attracted much
attention for the last few years because they have a great
potential as commercial devices such as nonvolatile mag-
netic random access memory3,4 ~MRAM! or highly sensitive
magnetic sensors.5,6 Successful development of prototype
MRAMs has promoted fundamental work toward extending
the capacity to gigabit order. In the fabrication of high den-
sity MRAMs, the mask fabrication process is very important
because uniformity of the resistance, switching fields, and
tunnel magnetoresistance ~TMR! is deeply related to the
shape of each bit pattern. To define the shape of the bit pat-
terns, an organic resist material is commonly used. They
have many advantages in general production processes; how-
ever, some difficulties exist on the deep submicron scale. For
a bit pattern as small as 100 nm, very expensive lithography
machines are necessary. A very thin resist layer is required
for better resolution of bit patterns; however, the thinner the
resist is, the weaker it becomes for etching. Variation of the
shape of the resist pattern results in a wide distribution of
resistance, TMR ratio, and switching fields. In this work,
carbon mask deposition using focused ion beam ~FIB! as-
sisted chemical vapor deposition ~CVD! is examined as a
mask fabrication process for submicron MTJ arrays. Carbon
is mechanically hard but reacts with active oxygen. Basic
deposition properties of the carbon masks are presented.
Then, fabrication of MTJ arrays at the 100 nm scale using
the carbon mask deposition technique is demonstrated.
EXPERIMENTS
The deposition experiments were carried out using a SII
model SMI9200 FIB machine. A Ga ion beam was acceler-
ated by a high voltage ~30 kV! through an aperture. The
probe current measured using a Faraday cup was 1–74 nA
for aperture sizes of 40 mm–2 mm. At the smallest aperture
size, the beam can be focused down to 7 nm in diameter. The
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heated and kept at 339 K. The gas was injected into the
vacuum chamber through a nozzle, which was located near
the sample surface during the deposition. The gaseous pre-
cursor was decomposed into solid carbon by reacting with
the energetic Ga ion beam. Etching rates were checked using
an ECR etching machine with an acceleration voltage of 400
V at an Ar pressure of 0.07 Pa and an oxygen pressure of 0.3
Pa. Incident angles were 0 – 15° away from the film normal.
Single layer Cu films and MTJ multilayers were prepared on
thermally oxidized Si substrates using rf sputtering at Ar
pressures of 0.07–0.2 Pa. The layer stacking of the
multilayer was substrate/Ta 5 nm/Ni-Fe 3 nm/Cu 20mm/
Ir-Mn 10 nm/Ni-Fe 3 nm/Co-Fe 4 nm/Al-O/Co-Fe 3 nm/
Ni-Fe 15 nm/Cr 5 nm/Au 20 nm. The Al-O layer was pre-
pared using plasma oxidation of a 1.3-nm-thick Al film in a
mixture of Ar and O2 . The top of the multilayer was covered
by a resist 500 nm/Cu 20 nm double layer, on which carbon
masks were deposited. A sample with carbon masks depos-
ited directly on a MTJ film was also prepared. However, the
sidewalls of the carbon masks were covered by metals rede-
posited during Ar ion etching to define junction patterns.
Oxygen ions etched the carbon surface but the high walls of
the redeposited metals remained at the pattern edges. The
resist layer used was thick so that an organic solvent dis-
solved the resist layer together with metals redeposited. The
Cu layer on the resist layer was necessary to avoid a charge
accumulation of Ga ions on the resist surface. The etching
process was performed using an ECR etching machine with
acceleration voltage of 400 V at an Ar pressure of 0.07 Pa
and an oxygen pressure of 0.3 Pa. Incident angles were
0 – 15° away from the film normal. Ar gas was used to etch
the metal films and the Al-O film. Oxygen gas was used to
remove thin carbon layers around the patterns and to etch the
thick resist layer.
RESULTS AND DISCUSSION
Figure 1 shows a scanning ion microscopy ~SIM! image
of carbon patterns deposited on a Cu thin film with different0 © 2003 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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were 200 nm and 1 mm, respectively. In the image, the ap-
erture size used for each pattern was indicated. The actual
size and height depended significantly on the aperture size.
For smaller aperture sizes, the patterns were cuboids. How-
ever, the pattern shape deformed at aperture sizes more than
300 mm. Figure 2 shows the aperture size dependence of the
probe currents and the actual sizes of the carbon patterns.
The probe current increased with increasing aperture size.
According to a previous report, FIB assisted deposition can
be described by the competition between the ion induced
precursor reaction and the removal of the precursor.7 For
smaller aperture sizes, where the deposition process is domi-
nant, increases in beam intensity and diameter can increase
both the width and height of the patterns. With increasing
beam intensity, sputtering becomes dominant in the inner
side of the beam and deposition occurs in the outer side of
the beam. This effect caused the increase of the width and
the decrease of the height of the carbon pattern. For the
largest aperture size and thus the largest beam intensity, the
FIG. 1. SIM image of deposited carbon patterns fabricated using various
aperture sizes. Aperture sizes used for A to E were 2000, 300, 150, 75, and
40 mm, respectively. The designed width and height were 200 nm and 1 mm,
respectively. The actual pattern widths are indicated in the image.
FIG. 2. Aperture size dependences of the actual size of carbon mask pat-
terns ~upper! and probe current ~lower!.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject toprecursor was removed completely and the Cu surface was
etched by sputtering. It is clear that the smallest aperture
should be used to make precise patterns.
From the viewpoint of practical use, higher selectivity in
the etching process is necessary for the mask materials. Table
I shows the etching rates of the carbon deposited for Ar and
oxygen ion etching. The carbon sample had an area of 15
315 mm2. The etching rates of Ni-Fe, Cu, and Ta thin films,
which are commonly used in MTJs in MRAM, are also listed
for comparison. The carbon showed a lower etching rate for
Ar ion etching. The rate was smaller than that of Cu and
comparable with that of Ni-Fe. The etching rate of the car-
bon deposited for oxygen ion etching was much higher than
those of other metals. These results indicate that the carbon
deposited using this technique can be used as a mask in an
Ar ion etching process and can be removed by oxygen
plasma with high selectivity.
Figure 3 shows the variation of the actual width and
height of the carbon mask patterns with various designed
widths. The designed width was varied between 10 and 500
nm, keeping the designed height at 1 mm. The smallest ap-
erture of 40 mm in diameter was used. The actual width
decreased linearly with decrease of the designed width. The
solid line with closed circles crosses the y axis at about 30
nm, which is the smallest pattern width prepared in these
conditions. The actual height exhibited a maximum around
the designed width of 90 nm, and decreased rapidly for
smaller designed width. Since the smallest pattern showed a
conical shape, the periphery was remarkably rounded. The
minimum size for a square pattern was about 80 nm. At this
size, the aspect ratio ~height/width! of the masks was more
than 4. Here we should comment on the deposition time.
Deposition of one carbon mask with a width of about 100 nm
FIG. 3. Dependence of actual size of deposited carbon mask patterns on
designed width. The designed height was kept at 1 mm.
TABLE I. Comparison of etching rates ~mm/s! between the deposited car-
bon and other metals.
Gas Carbon Ni-Fe Cu Ta
Ar 0.19 0.14 0.37 0.05
O2 0.34 0.03 0.05 ,0.01 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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to laboratory use only.
Figures 4~a! and 4~b! show SIM images of the carbon
masks on MTJ film/resist 500 nm/Cu 20 nm thin films. The
images of side ~a! and top ~b! view were taken just after
carbon deposition. The pattern sizes were 160, 300, and 85
nm, for width, length, and height, respectively. The size dis-
tribution in the pattern was quite small and well-defined rect-
angular shapes in the top view were obtained. The gray re-
gion around the patterns showed a continuous thin carbon
layer formed by overlapping of the carbon deposition tails.
Figures 4~c! and 4~d! show SIM images observed after etch-
ing to define the junction pattern. The heights of the patterns
increased because thick carbon/Cu/resist masks remained on
the junctions. The top areas of the masks were smaller than
the bottom areas. However, the top view of the patterns after
FIG. 4. SIM images of the carbon array deposited on the MTJ film observed
before Ar ion etching ~a! and ~b!, and after etching to define junction pat-
terns ~c! and ~d!. Patterned carbon/Cu/resist trilayers were used as mask
patterns.Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject toetching @Fig. 4~d!# was identical to that observed before etch-
ing @Fig. 4~d!#. Therefore, the junctions were defined in the
same shape as that of the initial carbon mask patterns.
In summary, carbon deposition using FIB assisted selec-
tive CVD was examined as a mask fabrication process for
small MTJ elements. The minimum size of the carbon mask
with a square pattern shape was about 80 nm, which corre-
sponds to the bit size in a MRAM with gigabit capacity. An
aspect ratio ~height/width! of the masks of more than 4 was
achieved. The deposited carbon masks were as hard as Ni-Fe
for Ar ion etching and very soft for etching with oxygen
ions. Therefore, it is concluded that carbon patterns prepared
using FIB assisted selective CVD have a great potential as
etching masks for MTJ arrays at the 100 nm scale.
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